Introduction
Tunable coherent light sources emitting ultrashort pulses in the visible draw a considerable attention due to the increasing number of emerging applications in the academic, industrial as well as biomedical domains [1, 2] . Since very few efficient solid state laser (SSL) materials emitting in this spectral range exist, coherent visible light is commonly produced through non-linear processes. In particular, intense pulses are obtained by either frequency-(second harmonic generation, sum frequency generation …) or parametric-conversion (optical parametric amplification OPA, four wave mixing FWM) from conventional infrared lasers such as Ti:Sapphire based systems or rare-earth doped lasers (with Nd, Er, Yb, …) as they provide sufficient intensity to drive these non-linear processes.
While propagating in fibers, pulses may experience several competing processes [3] . Selfand cross-phase-modulation, nonlinear elliptical polarization rotation due to optical Kerr effect, spontaneous and stimulated Raman scattering (SRS), degenerated four-wave mixing (d-FWM) [4] [5] [6] , soliton shift [7] , supercontinuum generation [8] …, all are effects leading to spectacular modifications of the pulse spectra with either a wide broadening around the central driving field wavelength or simply a shift of the wavelength towards the visible and/or infrared (IR) domains. Although all based on the material non-linear susceptibilities, the properties of the converted light differ notably. Considering the advantages and drawbacks of each of these processes, d-FWM emerges as the most appropriate effect for the efficient conversion of near IR moderately intense laser sources with high average power towards widely tunable short and intense pulses in the visible.
The latter phenomenon now constitutes a viable alternative to laser emission as powerful, stable and compact driving sources can now achieve high nonlinear conversion yield [9] . As mentioned above, RE-doped double clad fibers and, in particular the most widespread high power technology of ytterbium (Yb 3+ ) doped fibers, are in this context ideal sources for allfiber tunable sources based d-FWM. Indeed, they typically deliver average power P ranging from several tens to a hundreds of watts across the Yb 3+ emission band. Moreover, they support subpicosecond pulse duration and energies up to hundreds of microjoules with record peak powers in excess of GW. Moreover, beyond the relatively large gain bandwidth, Yb systems have demonstrated their agility in terms of wavelength where lasing was recorded over almost 200 nm of uninterrupted bandwidth e.g., from 976 nm to 1150 nm [10, 11] . Finally, their excellent transverse mode quality is suitable for parametric effects in guiding structures, such as periodically poled waveguides, large mode area (LMA) fibers or microstructured nonlinear photonic crystal fibers (PCF) [12] . Indeed, confinement and guiding both ensure strong second as well as third order nonlinear effects even for cw lasers. Consequently, a significant tunability in the visible [9, 12] can be obtained by the transfer of the broad amplification bandwidth of Yb-fiber lasers in LMA fibers with mode field diameter (MFD) of typically 5 to 15 µm (0.05 ≤ NA ≤ 0.3). Moreover, due to energy conservation, FWM from such Yb sources provides additional longer wavelengths also tunable however ranging in the middle infrared [9, [12] [13] [14] [15] [16] . Since the MFD varies weakly with the wavelength (typ. 3 to 10%) the process remains efficient (30% across the entire visible range) with a very good beam quality (M 2 ≤ 1.1 -1.2). Here, we report on the development of an all-fiber picosecond source based on d-FWM tunable between 620 nm and 910 nm at the Watt level for the anti-Stokes wave and from 2874 nm down to 1241 nm for the corresponding Stokes wave. This is, to the best of our knowledge, the widest range achieved so far at this power level taking full advantage of the broad tunability of the infrared pump laser. We first discuss the spectral properties of the d-FWM as a function of the non-linear microstructured fiber dispersion curve. Then, we propose and discuss optimized fiber designs with tailored dispersion specifically engineered to properly map the Yb-doped active fibers spectral tunability onto the visible range. We also detail the elaboration, characterization, and implementation of such microstructured fibers. Finally, we report on the conversion to the visible, by means of d-FWM, of a seed picosecond Yb-doped fiber with high energy (50 -500 nJ), high repetition rate (5 MHz to 1 GHz), continuously tunable over 1020 nm -1050 nm. We then conclude and draw perspectives on foreseen applications.
Theoretical model of d-FWM
The d-FWM is a four wave process occurring in bulk [17] and fibers [18] as well. In waveguides, the phase matching condition reads:
where β (m) (ω m ) = n eff (ω m )⋅ω m / c are the propagation constants of the pump (m = p), antiStokes (signal m = s) and Stokes (idler m = i) waves and where β NL = 2γP p is the effective nonlinear propagation constant due to Kerr effect (γ = n 2 ω /c A eff ) induced by the pump with a peak power P p [16] . Energy conservation for d-FWM sets ħω s + ħω i = 2ħω p . In comparison with second order optical parametric generation and OPA in non-centrosymmetric crystals, d-FWM in fibers and waveguides, interaction occurs over much longer distances leading to significant conversion efficiencies, with however moderate intensities. In the former case, (critical) phasematching, and thus spectral tunability, is solely given by the triplet (ω p , ω s , ω i ) pump/signal/idler determined by a configuration of several degrees of freedom such as crystal orientation, optical delays and beam angles. At contrast, in fused silica waveguides for instance, the medium is centrosymmetric giving third order effects only and thus requiring four interacting waves. Phase matching in this case is driven by fewer degrees of freedom that are directly accessible to users. The dispersion experienced by the waves depends on the core/clad materials, the guiding architecture, and the shape of the transverse modes involved in the process. Therefore, tunable four-wave processes are observed either (i) naturally providing sufficient pump intensity and proper dispersion one (the FWM process is said degenerated) [12] or (ii) by phase matching colors ω j on different transverses modes (LP qr ) with propagation constants β qr (ω j ) [19] or (iii) by tuning the wavelength two pump lasers [20] . Even with a single pump, large tuning ranges are accessible with dispersion engineered fibers as shown in [21] . The topology of the phase-matching curve depends on the dispersion shape and the number of zero-dispersion points. Photonic crystal fibers (PCF) indeed exhibit numerous advantages for this purpose. First of all, the architecture and the chemical composition (silica SiO 2 , germanium GeO 2 , high (Boron) and low (Fluorine) index doping) of PCF allow very fine tuning of the dispersion properties. For a given pump tuning range, it is thus possible to optimize the signal/idler wavelength excursion. Then, compared to step-or gradient-index fibers, large effective mode area can be obtained in PCF while maintaining single mode operation, and allowing high energy to be converted without damaging the fiber. PCF thus offer the possibility to apply scaling laws [13] in order to simultaneously enable high-power, high-brightness operation, along with broadband tunability across both the visible (signal) and middle-infrared (idler) wavelength range.
In order to engineer a specialty fiber able to cover the visible spectral range through degenerate FWM, we evaluate the d-FWM tuning curves by solving Eq. (1) for the Stokes shift Ω = ω s −ω p = ω p −ω i . In order to ease solving, a Taylor expansion up to the fifth order around the zero-dispersion ω ZD is applied to the propagation constants:
The Stokes shift thus reads:
leading to an improved version of Eq. (2) from [15] . 4 , and β 5 on the chromatic dispersion D and the phase matching curves. These are reported on Fig. 1 for a large span of pump wavelengths. The actual pump tunability (1020 nm to 1050 nm) is also reported on the graphs (green shaded area Fig. 1(a. 2), 1(b.2) and 1(c.2) to 1(e.2)) to estimate the accessible spectral range in the visible at a glance. These graphs serve as a guide for defining the fiber properties. First of all, as depicted in Fig. 1(a.2) , the nonlinear dephasing γP p mainly affects the tuning curve in the vicinity of the ZDW and can thus be neglected in most cases since the pump is far from the ZDW. Then, a change in the ZDW only results in a shift [see Fig. 1(b.2) ] along of the blue dotted line λ s = λ i = λ p , whose tuning slope δ = dλ s /dλ p remains practically unchanged. In this case, only the signal spanning is shifted to the "blue" as the ZDW increases. Similarly, a change in β 3 does not affect the slope [ Fig. 1(c.2) ], and the signal spanning is shifted to the "blue" as β 3 is increased. Finally, although β 4 and β 5 do not alter the chromatic dispersion D in the same manner [ Fig.  1(d.1) and (e.1)], they both affect the slope of the tuning curves [ Fig. 1(d.2) and (e.2)] while maintaining a similar behavior close to ZDW. It is noteworthy that -at least in conventional hexagonal structure -β 3 and β 4 exhibit a correlation as shown in [22] , preventing from a fully independent adjustment. Extensive propagation simulations have been carried out using the commercial software FiberDesk [23] to solve the extended nonlinear Schrödinger equation (NLSE) for the electric field envelope giving access to the complete dynamics (pulse amplitude, gain, spectral buildup, timing, …). Here, we typically solve:
where α(ω) is the linear absorption spectrum, τ −1 = ω p the "shock" time for self-steepening, and R(t) the normalized function accounting for both the instantaneous electronic and delayed Raman response. In this scalar 1D simulation neither transverse mode structure, nor vectorial effects (polarization) were included. 
Non-linear fiber design
In order to manufacture non-linear fibers optimized for d-FWM in the visible, we have investigated several hexagonal structures based on the use of air and pure silica as well as others materials composition such as boron (B) or fluorine (F) doped rods. For each architecture, the eigenmodes have been computed with finite element methods giving access to the frequency dependent propagation constant β (ω) and from which the zero dispersion wavelength λ ZD is deduced. The effective nonlinear coefficient γ is extracted from the calculated MFA and the silica core nonlinear index (n 2 = 3. Table 2 ), only the air/silica fibers have been drawn (Fig. 2) , characterized and tested. PCFs have been fabricated by the well-known stack-and-draw process. During the drawing, variations have been applied on the gas pressure filling the air-holes of the cladding allowing to obtain several hundreds of meters of different samples characterized by different d h /Λ ratio. Based on the actual measurement of the fiber profile (Table 2) , we simulated the Mode Field Area (MFA) and inferred the nonlinear factor γ. The nonlinear factors are in agreement with those reported in the literature [15] .
Results and discussion

Experimental set-up
Our experimental set-up is an all-fiber MOPA configuration (Master Oscillator Power Amplifier) depicted in Fig. 3 . The seeder source consists of a home-made Yb-doped fiber laser continuously tunable from 1020 nm to 1050 nm and delivering  50 ps pulses at a repetition rate of 10 MHz with a minimal average power of 1 mW over the entire tuning range. Note that the pump spectral range can be extended up to 1080 nm, however with decreasing power as the wavelength reaches the Yb gain curve edge. The seed signal is then successively amplified in two fibered amplification stages to reach a power level of 4 W (which can be further amplified up to 20 W). The first stage is a 2 m long 6/125 µm Ybdoped fiber core-pumped with 500 mW, while the second stage is a 1.8 m long 40/200 µm Yb-doped microstructured fiber clad-pumped with 9 W. While all the results presented here were obtained at 10 MHz, the repetition rate of our source has wide excursion from 5 MHz to 1 GHz not compatible with fiber optical parametric oscillator architectures that operate at rather fixed repetition rates.
The d-FWM visible emission is thus obtained in single pass configuration by focusing the pump in the manufactured microstructured fibers [see Table 2 ] with a f = 8 mm lens (coupling efficiency of 80%). We have observed a degradation of the input facet of the fibers for powers above 3.5 W. It results in a decrease of the coupling efficiency limiting the d-FWM. It, however, can be circumvented with the use of end-caps (not implemented in the present study). Consequently, the maximum average pump power considered in the present study is limited to 3 W. The pump polarization state can be adjusted with a half wave plate but only little dependence has been observed, indicating a slight birefringence of the (non-PM) fibers induced by slight structural inhomogeneities. Both Raman and d-FWM occur during propagation in the fiber. This has been observed experimentally and confirmed numerically (see Section 4.4). From an initial fiber length of ~1.2-1.5 m, a cut-back is performed down to 0.8 m in order to minimize the onset of Raman scattering. The whole spectrum (signal + pump + idler) is measured from 350 nm to 1750 nm using an Optical Spectrum Analyzer (OSA) Ando AQ6315E. The power is measured after a dichroic mirror separating the signal from the pump and idler. 
Tuning curves
For all the fibers drawn (PCF-A to -E), we report in Fig. 4(a) the signal central wavelength for pump wavelengths of λ p = 1020, 1030, 1040 and 1050 nm. Also, for comparison we include the results from a reference air-silica fiber (Ref-PCF) used in the same conditions. The measured signal spectra are reported in Fig. 4(b) . The Ref-PCF, identical to the one studied in [12] , serves as a point of comparison in our study. It is a polarization maintaining highly nonlinear fiber (γ = 10 W −1
.km −1 ) with a core diameter of 5 µm (LMA 5-PM produced by NKT Photonics). Similar fibers up to 15 µm core diameter have been tested too. Although larger diameters allow shorter visible wavelength generation, they also require more power to efficiently drive the d-FWM. Moreover, single mode guiding properties of very large mode area is sensitive to temperature [24] and thus not easily compatible with the high average power of the Yb-doped sources considered here.
In Fig. 4(a) , the experimental data (symbols) are fitted (dashed line) using Eq. (2) and adapting the procedure described in [22] . As shown in [22] , d-FWM can be indeed thought as a powerful investigation tool for determining the fiber dispersion as its tuning curves depend upon the entire dispersion relationship β (ω). We have reported the values of λ ZD and β 3 /β 4 obtained by the fitting procedure in Tab. 3. For comparison, we also reported the chromatic dispersion and the corresponding λ ZD of PCF-A et -D measured using white light interferometry (WLI). Finally, the values of β 3 /β 4 obtained from the simulation of the fiber design is also reported. It can be shown that the various techniques applied to recover the fiber parameters are in good agreement. In particular the ratio β 3 /β 4 which is highly sensitive to the actual small value of β 4 . Moreover, it could further be possible from the ratio β 3 /β 4 to extract the individual values of β 3 and β 4 (not discussed here), since they exhibit a correlation in hexagonal PCF structures and can be related with a cubic adjustment [22] . Here we have chosen to focus our investigation on the tuning slope δ obtained experimentally [ Table 3 ] for PCF-A to -E. Depending on the design, the slope can be varied by a factor ~3. Ultimately, we are seeking for the highest slope in order to magnify the tunability of the IR pump laser towards the visible. Unfortunately, the highest slopes, and therefore the broadest tunability range are obtained in the reddest part of the visible spectrum. Therefore, optimization will consist in the best trade-off between bandwidth and central wavelength and certainly depends on the application requirements. For a better understanding, we have simulated the propagation solving the NLSE (Eq. (3)). Typical parameters used in the simulation are given in Table 1 . In particular, we used the dispersion values of β 3 = (6.9 ± 0.1) × 10 −2 ps 3 /km and β 4 = -(1.11 ± 0.08) × 10 −4 ps 4 /km reported in [13] . The power dependence [ Fig. 5(a) ] gives a remarkably good agreement with the experiments (open symbols) for λ p = 1040 () and 1050 nm (). A slight deviation is observed for λ p = 1030 nm (), while the simulation fails to quantitatively reproduce the behaviour at λ p = 1020 nm () despite a correct trend. This discrepancy is clearly seen on the spectral dependence in Fig. 4(b) , where the simulation (solid line) and experiment (open symbols) are in good agreement, except for λ p < 1030 nm (shaded area) where the experimental trend (dashed line) clearly deviates from the simulation (dotted line) for the highest powers considered here. This discrepancy may find its origin in the (transverse) modal behaviour of the fibers that are multimode [25, 26] tends to become more and more multimode (V-number increases [27] ) as both the pump and the signal go deeper into the short-wavelength range. Indeed, in the d-FWM process, higher-order transverse modes do not couple efficiently, and the signal gain is consequently decreased.
Conversion efficiency
Spectrum build-up and optimal fiber length
As depicted in Fig. 4(b) , one can see a significant spectral broadening while both the pump and the generated signal approach the ZDW. Moreover, as mentioned above, the onset of Raman scattering has been observed experimentally and a cut-back procedure was required to suppress the process. In order to gather a better understanding related to the two phenomena, we performed simulations using the parameters from PCF-E. The spectral evolution of the three waves (signal, pump and idler) as a function of the propagation distance is reported in Fig. 6 .
It is noteworthy that around z = 0.6 m, a sudden broadening occurs for both the Stokes (idler) and anti-Stokes (signal) sidebands. Such a distance barely corresponds to the actual cut-back length we have determined experimentally (z = 0.8 m). Beyond this distance, the conversion efficiency levels off, while Raman contribution progresses (not visible on Fig. 6 on such a scale). We also note the good agreement in the asymmetric broadening of the experimental [ Fig. 4(b) ] and numerical [ Fig. 6 ] anti-Stokes (signal) spectra. 
Conclusion and perspectives
We have investigated four wave mixing processes in non-linear photonic crystal fibers pumped by a widely tunable seed fiber laser. Beyond the fundamental aspect of FWM, we present a detailed study of specifically designed air-silica fibers to optimally map the large tuning range of the Yb-doped fiber pump laser onto the visible where such a source may find important applications. We demonstrate a tunability of the anti-Stokes wave ranging from 620 nm to 910 nm with home-made air-silica PCFs and output powers up to 1 W, i.e. energies up to 100 nJ (with 30% anti-Stokes to pump single-pass efficiency). FWM is highly sensitive to the actual fiber parameters and therefore, their values need accuracy. The numerical prediction of the dispersion parameters, although imperfect, is in good agreement with the parameters extracted from the d-FWM phase-matching curves, while the gain and bandwidth are in excellent quantitative agreement with the experiments.
The present study has shown that optimization of the tuning range requires an accurate and absolute knowledge of the dispersion curves, especially for the most extreme Stokes shift when the targeted signal and consequently the idler respectively lie in the "blue" and middle infrared ranges far from λ ZD and central pump wavelength λ p . As mentioned earlier, a comparison between white light interferometry measurement, d-FWM dispersion measurement and as well as simulations revealed discrepancies. In fact, WLI inherently provides insufficient precision on the ZDW and dispersion coefficients. At contrast, d-FWM allows determining higher dispersion terms with good accuracy. We are quite confident that quantum white-light interferometry (QWLI) [28] will offer a viable alternative for in-line "screening" of short fiber samples as the accuracy is only limited by quantum noise. This would allow testing different layout with high/low index material boron-or fluorine-doped, or core (co-)doping with germanium GeO 2 to adjust the dispersion, confinement (MFA), transparency range and nonlinearity. 
